Chronic granulomatous disease (CGD) is an inherited disorder of the NADPH oxidase in which phagocytes are defective in generating superoxide anion and downstream microbicidal metabolites, including hydrogen peroxide, hydroxyl anion, and hypohalous acid. As a result of the defect in this key antimicrobial pathway, patients with CGD suffer from recurrent life-threatening infections by catalase-producing bacteria and fungi (4, 28) . Burkholderia (Pseudomonas) cepacia (23, 32) and Chromobacterium violaceum (4, 31; A. M. Macher, T. B. Casale, J. I. Gallin, H. Boltansky, and A. S. Fauci, Letter, Ann. Intern. Med. 98:259, 1983) are highly virulent pathogens in patients with CGD.
B. cepacia and other Burkholderia species typically cause pneumonia and, less commonly, sepsis in patients with CGD (3, 23, 25, 32) . C. violaceum, a rare pathogen typically encountered in brackish waters, occurs with unusually high frequency in CGD patients from the southern United States (e.g., Florida and Louisiana), although C. violaceum infection in the northern United States has been reported (4, 31; Macher et al., letter). Clinical manifestations include soft tissue infection, pneumonia, and sepsis.
In the present study, we compared the levels of virulence of
B. cepacia and C. violaceum in p47
phoxϪ/Ϫ mice and in mice with a targeted disruption of the inducible nitric oxide synthase (iNOS) gene to assess the relative importance of the reactive oxygen and reactive nitrogen intermediate pathways in host defense against these pathogens.
MATERIALS AND METHODS

Mice. Mice with a targeted disruption of the p47
phox gene have a defective NADPH oxidase, rendering phagocytes incapable of generating measurable amounts of superoxide (10) . These mice are susceptible to a spectrum of pathogens similar to that of CGD patients (1, 10, 16) . iNOS-deficient mice were generated as previously described (15) . Both knockout strains were derived from C57BL/6 and 129 intercrosses. Wild-type strains were C57BL/6 ϫ 129. Mice were maintained at the National Institute of Allergy and Infectious Diseases animal facility (Bethesda, Md.) under specific-pathogen-free conditions. All experiments were approved by the National Institute of Allergy and Infectious Diseases Animal Care and Use Committee. Mice were matched by age (2 to 6 months) and sex for each set of experiments.
Organisms. B. cepacia strains (BS, 4A, and 8D) and C. violaceum strain BS were clinical isolates from CGD patients treated at the National Institutes of Health. C. violaceum 6357 was purchased from the American Type Culture Collection (Manassas, Va.). Bacteria were stored in Trypticase soy broth at Ϫ80°C until use. Frozen aliquots were inoculated into Trypticase soy broth and grown overnight with shaking at 37°C. Bacteria were washed twice in Hanks balanced salt solution (HBSS; Biofluids, Inc., Rockville, Md.) and diluted to an absorbance between 0.4 and 0.6 at 650 nm (corresponding to the linear portion of the absorbance-bacterial density curve). Bacterial concentration was calculated, and appropriate dilutions were made for each set of experiments. The bacterial concentration was confirmed by direct plating in duplicate and by counting the bacteria.
Culture medium and reagents. Trypticase soy broth was purchased from Becton Dickinson (Sparks, Md.). Trypticase soy agar plates were purchased from Remel, Inc. (Lenexa, Kans.). B. cepacia selective agar plates were from the National Institutes of Health medium unit (Bethesda, Md.). Sodium nitrite (NaNO 2 ) was purchased from Sigma (St. Louis, Mo.).
Mouse infection and sample collection. Aliquots of frozen bacteria (stored at Ϫ80°C) were thawed, inoculated into Trypticase soy broth, and grown with shaking at 37°C overnight. The bacteria from overnight cultures were subcultured to log phase and then harvested by centrifugation. The bacteria were washed twice in HBSS, and bacterial density was determined by absorption at 650 nm (corresponding to the linear portion of the absorbance-bacterial density curve). Tenfold dilutions were prepared in HBSS and used to infect the mice. The dilutions were also plated on Trypticase soy agar plates to confirm the quantification.
Mice were injected intraperitoneally (i.p.) with 0.1 ml of diluted bacteria. Eighteen hours after challenge with C. violaceum and 4 days after challenge with B. cepacia, blood was collected retro-orbitally or from the tails of the mice into sterile heparinized tubes, mice were sacrificed by cervical dislocation, and peritoneal lavage was performed with 10 ml of phosphate-buffered saline. Spleens were homogenized in 2 ml of phosphate-buffered saline. Samples were diluted in serial 10-fold dilutions. Fifty microliters of peritoneal lavage and spleen homogenate and 20 l of neat whole blood were inoculated in duplicate onto Trypticase soy agar plates. In experiments involving B. cepacia, B. cepacia selective agar plates were used to avoid contaminant bacteria (7). Since C. violaceum colonies are readily distinguished by their purple pigment, standard nonselective plates were used in experiments involving C. violaceum. After inoculation, plates were incubated for 24 to 48 h at 37°C and colonies were enumerated.
Antimicrobial activity of H 2 O 2 and reactive nitrogen intermediates. The antimicrobial activities of hydrogen peroxide (H 2 O 2 ) and reactive nitrogen intermediates were measured as described elsewhere (30, 33) , with some modifications. The antimicrobial activity of H 2 O 2 was assayed by incubating 10 6 bacteria in a reaction mixture (1.0 ml) containing 0, 0.05, 0.1, 0.5, 1.0, 2.0, or 5.0 mM H 2 O 2 in 100 mM sodium acetate buffer (pH 5.5) with continuous shaking at 37°C for 30 min. To evaluate the antimicrobial activity of reactive nitrogen intermediates, 10 6 bacteria were incubated in a reaction mixture (1.0 ml) consisting of 2 mg of NaNO 2 /ml in 100 mM sodium acetate buffer (pH 5.5) at 37°C for 30 min. Aliquots were serially diluted by 10-fold and plated in duplicate on Trypticase soy agar plates.
Statistical analysis. Data were expressed as means Ϯ standard deviations. The unpaired Student's t test was used to compare differences between two groups, and the differences were regarded as significant for P values of Ͻ0.05. The log rank (Mantel-Cox) test was applied to Kaplan-Meier survival data to evaluate differences between groups.
RESULTS AND DISCUSSION
B. cepacia challenge in vivo. As shown in Fig. 1 , the time to mortality following i.p. B. cepacia (strain BS) challenge in p47 phoxϪ/Ϫ mice was inversely related to the amount of inoculum (by the log rank test, P Ͻ 0.0001). Mortality occurred within 3 to 5 days following challenge with 4 ϫ 10 5 organisms, whereas the mean intervals to mortality were 10 and 19 days following challenge with 4 ϫ 10 4 and 4 ϫ 10 3 organisms, respectively. B. cepacia pneumonia was present in all mice that were necropsied. In contrast to p47 phoxϪ/Ϫ mice, iNOS Ϫ/Ϫ mice (n ϭ 4) challenged i.p. with 1.2 ϫ 10 6 organisms showed no overt disease (Fig. 1) . In a previous study, wild-type (C57BL/6 ϫ 129) mice were resistant to challenge with 10 7
B. cepacia organisms (16).
We next evaluated whether pretreatment with gamma interferon would improve survival, presumably through augmentation of nonoxidative pathways in p47 phoxϪ/Ϫ mice challenged with B. cepacia. In the present study, the subcutaneous administration of 20,000 U of mouse recombinant gamma interferon (Genentech, Inc., San Francisco, Calif.) three times a week beginning 6 weeks prior to and continuing after B. cepacia challenge (4.0 ϫ 10 3 , 4.0 ϫ 10 4 , or 4.0 ϫ 10 5 organisms i.p.) did not affect the survival of p47
phoxϪ/Ϫ mice (data not shown). p47 phoxϪ/Ϫ mice were challenged i.p. with 10 4 CFU of B. cepacia, whereas wild-type and iNOS Ϫ/Ϫ mice were administered 10 6 CFU, and bacterial burdens in their peritoneums, blood, and spleens were determined on day 4 (Fig. 2) . Despite the lower inoculum, organism recoveries of B. cepacia strain BS were dramatically higher from p47 phoxϪ/Ϫ mice than from iNOS Ϫ/Ϫ and wild-type mice. For B. cepacia strains 4A and 8D, the bacterial burdens in the spleen were consistently greater in p47 phoxϪ/Ϫ mice than in iNOS Ϫ/Ϫ and wild-type mice, whereas organism recoveries from the peritoneum and blood varied among the different genotypes. The organism recoveries from the peritoneum were strikingly different for different strains of B. cepacia in p47 phoxϪ/Ϫ mice. For B. cepacia strains BS and 4A, the mean number of peritoneal CFU was Ͼ10 5 /mouse, whereas peritoneal cultures were sterile after B. cepacia strain 8D challenge.
C. violaceum challenge in vivo. C. violaceum showed extraordinary virulence in p47 phoxϪ/Ϫ mice ( Table 1) . Administration of a mean of only 13 organisms to p47 phoxϪ/Ϫ mice resulted in ϳ90% lethality, and all higher inocula killed 100% of p47 phoxϪ/Ϫ mice within 2 days (Table 1) . Data in Table 1 are from one of two experiments, which showed virtually identical results. At necropsy, no obvious foci of infection were apparent, suggesting that the mice died of bacteremia. In contrast, the 50% lethal dose of C. violaceum was between 10 6 and 10 7 CFU for iNOS Ϫ/Ϫ mice and wild-type mice (Table 1) . There may be a small survival advantage in wild-type versus iNOS Ϫ/Ϫ mice that could be confirmed with a larger number of mice.
The recovery of C. violaceum was also determined. p47
phoxϪ/Ϫ mice were challenged i.p. with 10 2 organisms, and iNOS Ϫ/Ϫ and wild-type mice were challenged with 10 5 organisms. Eighteen hours after challenge, p47
phoxϪ/Ϫ mice appeared ill (hunched posture, reduced response to handling) whereas iNOS Ϫ/Ϫ and wild-type mice appeared well. Despite the lower inoculum in p47 phoxϪ/Ϫ mice, the organism burden was dramatically higher than those in iNOS Ϫ/Ϫ and wild-type mice, from whom cultures were usually sterile (Fig. 3) . In p47 phoxϪ/Ϫ mice, the organism burdens in the blood and spleens were significantly greater following challenge with C. violaceum strain BS than those resulting from challenge with C. violaceum strain ATCC 6357.
In vitro susceptibilities of B. cepacia and C. violaceum to reactive oxygen and nitrogen intermediates. Taken together, the in vivo data show that host defense against experimental infection with B. cepacia and C. violaceum is critically dependent on the NADPH oxidase. Based on survival data (Table 1) , there may exist a more subtle role for iNOS in host defense against C. violaceum. We next attempted to correlate these in vivo findings with in vitro susceptibility to H 2 O 2 and nitric oxide (NO). As shown in Table 2 NA a Surviving mice were observed for at least 6 weeks following i.p. challenge. These data are pooled from two separate experiments which yielded similar results.
b NA, not applicable.
strains was less than 1% of that from untreated control suspensions (Fig. 4) . Previous studies have shown that in vitro, neutrophils from CGD patients were defective in killing B. cepacia and that killing by normal neutrophils was disabled by the addition of the reactive oxidant scavengers superoxide dismutase and catalase (32) . In p47 phoxϪ/Ϫ mice (16) and mice with X-linked CGD (2), stem cell-directed gene therapy that restored NADPH oxidase function to a small proportion of myeloid cells conferred protection against similar B. cepacia challenges. Smith et al. (30) showed that NO potentiated the killing of B. cepacia by H 2 O 2 in vitro and suggested that the lack of NO in the lungs of cystic fibrosis patients may lead to persistent infection with this pathogen. In our study, iNOS Ϫ/Ϫ mice did not show an increased sensitivity to B. cepacia compared with that of wild-type mice and, at most, may have had a small increase in susceptibility to challenge with C. violaceum. However, NO is produced from sources other than iNOS in vivo, and our data do not negate the potential importance of NO in host defense against these pathogens.
As shown in Table 2 , individual strains of B. cepacia and C. violaceum vary considerably in their sensitivities to H 2 O 2 . Among B. cepacia strains, a significant reduction in viable organisms occurred at 1 mM H 2 O 2 , a concentration that far exceeds the level of reactive oxidants produced in vesicular fractions of neutrophils (35) . In vitro, both B. cepacia and C. C. violaceum BS 6.6 Ϯ 2. violaceum were sensitive to exogenous reactive nitrogen intermediates (Fig. 4) . The major limitation of these in vitro studies relates to the difficulty in correlating the exogenously administered reactive oxidant and nitrogen species with those levels that are likely to be encountered in nature within the intracellular milieu, such as in phagolysosomes. In addition, the intact phagocyte generates multiple microbicidal downstream reactive metabolites, such as hydroxyl anion, hypohalous acid, and peroxynitrite anion, which are not encountered when a single reactive intermediate is added in vitro to bacteria.
B. cepacia primes the NADPH oxidase in phagocytes, probably through endotoxin (8, 26) . In vitro resistance of B. cepacia strains to exogenous reactive oxygen species correlated with catalase and superoxide dismutase production (14) . In addition, a melanin pigment from an epidemic strain of B. cepacia effectively scavenged superoxide anion produced by the NADPH oxidase (37) . These antioxidant pathways likely facilitate intracellular survival of B. cepacia species within phagocytes (26) . In vitro studies employing macrophage cell lines have shown that Burkholderia pseudomallei is susceptible to reactive oxidant and nitrogen intermediates following priming with gamma interferon (18) and that this pathogen may evade intracellular killing by interfering with iNOS production (34) . In a comparative study of a clinical strain and an environmental strain of C. violaceum, the clinical strain produced higher levels of superoxide dismutase and catalase and was more resistant to intracellular killing by neutrophils, suggesting that virulence may be associated with the strain's ability to scavenge reactive oxidants (17) .
In vivo, our study showed that host defense against B. cepacia and C. violaceum relies on NADPH oxidase function, suggesting that this pathway is essential in the defense against these pathogens. The NADPH oxidase likely functions in concert with other antimicrobial pathways to control infection in vivo (Table 2) . However, pretreatment with gamma interferon provided no benefit for survival in p47
phoxϪ/Ϫ mice after B. cepacia challenge. Gamma interferon has been shown to reduce the rate of infections in CGD patients (9) ; it augments oxidative function in normal monocytes (21, 22) and enhances various oxidant-independent antimicrobial pathways, such as tumor necrosis factor alpha production, tryptophan metabolism, granule protein synthesis, major histocompatibility complex II expression, Fc gamma receptor I expression, and Fc gamma receptor-mediated phagocytosis (5, 27) . Gamma interferon has not been shown to improve NADPH oxidase function or increase levels of its constituent proteins in patients with CGD (9, 19, 36) . In p47 phoxϪ/Ϫ mice, subcutaneous recombinant gamma interferon did not lead to any detectable oxidant activity in thioglycolate-extracted peritoneal macrophages but did reduce the frequency of spontaneous infections, presumably through non-oxidation-dependent mechanisms (11) .
The levels of reactive oxidant production in p47 phoxϪ/Ϫ mice and of reactive nitrogen intermediate production in iNOS Ϫ/Ϫ mice are not nil. Xanthine oxidase generates superoxide anion, and constitutively expressed NOS isoforms exist (reviewed in reference 20). Hepatic clearance of intravenous B. cepacia was reduced in p47 phoxϪ/Ϫ mice compared to that in wild-type mice and was further inhibited in p47 phoxϪ/Ϫ mice by pretreatment with the specific xanthine oxidase inhibitor allopurinol (29) . Clearance and killing of intravenous Escherichia coli was intact in p47 phoxϪ/Ϫ mice and was unaffected by pretreatment with allopurinol (29) . These data suggest that in patients with CGD, xanthine oxidase might contribute to host defense against a subset of reactive oxidant-sensitive pathogens.
NADPH oxidase and iNOS likely function to rapidly augment reactive oxidant and nitrogen intermediates, respectively, during states of emergency (infection). Reactive oxygen and nitrogen intermediates have synergistic bactericidal activities in a variety of in vitro systems (12, 13, 24) . Superoxide anion, a relatively weak microbicidal agent, readily reacts with nitric oxide to form peroxynitrite anion, a highly cytotoxic molecule. Possible molecular targets of these species include genomic DNA, electron transport mechanisms, and sulfhydryl groups (24) . All aerobic bacteria have evolved mechanisms to scavenge cytotoxic reactive oxidants and to protect against oxidanttargeted damage (6) . Within the milieu of a phagocytic cell from a patient with CGD, it is possible that B. cepacia and C. violaceum can effectively scavenge the low level of ambient oxidants but that normal phagocytes rapidly generate high levels of NADPH oxidase-derived reactive oxidants which are fatal to the engulfed pathogens. B. cepacia and C. violaceum are likely to be excellent pathogen model systems to evaluate molecular targets of host-derived reactive oxidant species and strategies evolved by the pathogen to evade oxidant stress.
